Introduction
The Chilean territory stretches from the tropics to Antarctica and from the middle of the Pacific Ocean (Easter Island) to the Andean peaks almost 7 kilometers above sea level. This makes for tremendous climatic variation within a single country, and in this paper we will exploit some of this spatial variation to investigate how climate and climate change might affect human development in Chile.
Climate is affecting people and their activities in many complex and intertwined ways. Some activities, such as agriculture and tourism, are more sensitive to climatic conditions than others (e.g. accounting and teaching), and some population groups, such as people with poor health and those who work outdoors, are more sensitive to climate stresses than other groups. Not only does climate change affect each individual differently, but climate change in one place can have indirect effects on people on the other side of the globe, even if they don't experience any climate change themselves.
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Despite these multi-dimensional complexities, and without understanding all the underlying mechanisms and links, it is possible to assess the likely net effects of climate change on different population groups. In order to assess how climate change is likely to affect a particular population, two things are necessary: First we have to understand how climate is currently affecting them, and second we have to understand how climate is changing.
A simple way to gauge how climate affects human development is to compare human development across regions with different climates. For example, Horowitz (2006) uses a cross-section of 156 countries to estimate the relationship between temperature and income level. The overall relationship found is very strongly negative, with a 2F increase in global temperatures implying a 13 percent drop in income. This is very dramatic, but the relationship is thought to be mostly historical and thus not very relevant for the prediction of the effects of future climate change. In order to control for historical factors, the paper includes colonial mortality rates as an explanatory variable, and finds a much more limited, but still highly significant, contemporaneous effect of temperature on incomes. The contemporaneous relationship estimated implies that a 2F increase in global temperatures would cause approximately a 3.5 percent drop in world GDP.
In order to further control for historical differences, Horowitz (2006) uses more homogeneous sub-samples, such as only OECD countries or only countries from the Former Soviet Union, and the negative relationship still holds. However, for directions for further research, he recommends empirical studies of income and temperature variations within large, heterogeneous countries, which would provide much more thorough control for historical differences.
This is exactly what we will do in the present paper. Using data from 333 municipalities (comunas) in Chile, we will estimate short-run relationships between climate variables (average temperature and precipitation) and income, as well as between climate variables and life expectancy. While it is always dangerous to make inferences about changes in time from cross-section estimates, these relationships can at least be used to gauge the likely direction and magnitude of effects of climate change in Chile.
Two different types of climate change will be assessed. First, the documented recent climate change in each of the 333 municipalities, as estimated from average monthly temperature series from 1948 to 2008 for all the Chilean meteorological stations that have contributed systematically to the Monthly Climatic Data for the World (MCDW) publication of the US National Climatic Data Center. Second, we will use the predictions of the Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC4) climate models to simulate the likely effects of projected future climate change in Chile.
The rest of the paper is organized as follows. Section 2 describes the data sources and provides descriptions of the key variables. Section 3 estimates the cross-municipality relationships between climate and human development, controlling for other key variables that also affect development. Section 4 analyzes past climate change for 7 meteorological stations across Chile, and estimates average trends for each municipality. Section 5 uses the findings from sections 3 and 4 to simulate the effects of past climate change on incomes in each of the 333 municipalities in Chile. Section 6 summarizes the climate changes that are expected for Chile during the next 50 years, and section 7 simulates the likely effects of these changes on incomes. Section 8 concludes.
The data
The data used for this paper consist of both cross-section data and time series data. The municipal level cross-section data-base, which is used to estimate the relationship between climate and development in Chile, is constructed using data from different sources. Table 1 lists the variables, their definitions, and the sources of the information. 
Degrees west of the Prime Meridian
Google Earth, GeoMaker Elevation Elevation of the main city in the comuna.
Kilometers above sea level Google Earth, GeoMaker
Normal average annual temperature
The average annual temperature in the main city of the comuna as measured over a reference period (typically 1951-1990 The average annual precipitation in the main city of the comuna as measured over a reference period (usually 1951-1990) .
Meters
Chilean Meteorological Department and www.worldclimate .com
As we did not have meteorological data for each and every municipality in Chile, this information was estimated. Since average annual temperature in any particular location depends principally on distance from the equator and elevation above sea-level, we estimated a simple model (see Table 2 ) using information on average annual temperature, latitude, and altitude for all the Chilean stations for which we could obtain "normal" temperature data (from www.worldclimate.org). In order to get sufficient variation in the elevation variable, we included 4 stations located close to Chile (Catamarca, Mendoza, Arequipa, and Oruro). The model indicates that, for every kilometer of elevation, the temperature drops 2.15 degrees Celsius, and for every latitudinal degree further south, the temperature drops 0.39 degrees. This information was used to estimate temperature in all the remaining municipalities, using the altitude and latitude of the municipality capital.
Precipitation does not present such simple regularities, so in order to estimate precipitation for the municipalities where this information was missing; we extended the findings from particular stations to the macro-region to which they belong. For example, for the northernmost macro-region, Tarapacá, we have precipitation data from two stations (Arica and Iquique), so we average the precipitation for these two stations and use this average for the remaining municipalities in the macro-region. This is a reasonable process, as Chile is a long, narrow country divided into 13 relatively homogeneous macro-regions from north to south. The three northernmost macro-regions (Tarapacá, Antofagasta, and Atacama) have desert climates with hardly any rain, but rain increases towards the south to a maximum in the macro-region Aisén, and then it falls again as we move further south.
As can be seen from Table 3 , the variation in precipitation within each macro-region is quite small compared to the variation between macro-regions. One exception is the Aisén region, which is crossed by a mountain range, and precipitation is substantially larger on the western side of the range. Therefore all municipalities on the western side will be assigned the same precipitation as Aisén, whereas the municipalities on the eastern side will be assigned the same precipitation as Coihaique.
For one macro-region, O'Higgins, we did not have even one meteorological station, so we assumed that precipitation there was the average between the region immediately north of it (Metropolitan Region) and the region immediately south of it (Maule). In order to assess the climate change trends in the different parts of Chile, we obtained monthly temperature and precipitation data from 1948 to 2008 from the Monthly Climatic Data for the World (MCDW) publication of the US National Climatic Data Center. 2 Section 4 below contains a more detailed description and analysis of this data.
Modeling climate and human development
In this section, we will estimate the contemporary relationship between climate and human development in Chile. Two dimensions of human development will be analyzed: income and health, because these are the ones that most directly could be affected by climate change. Education, another human development indicator, is treated as an explanatory variable instead of a dependent variable.
As several researchers have pointed out, the relationship between temperature and development is likely to be hump-shaped, as both too cold and too hot climates may be detrimental for human development (Mendelsohn, Nordhaus and Shaw, 1994; Quiggin and Horowitz, 1999; Masters and McMillan, 2001, Tol, 2005) . In order to allow for this possibility we include both average annual temperature and its square in the regression. The same argument also holds for precipitation and possibly also urbanization rates, which is why we also include precipitation and urbanization rates squared.
Thus, the regressions in this section will take the following form:
where y i is a measure of the income level in municipality i, temp i and rain i are normal average annual temperature and normal accumulated annual precipitation in municipality i, edu i is a measure of the education level (average years of schooling), urb i is the urbanization rate of the municipality, and  i is the error term for municipality i. The life expectancy regression will take the same form as the income regressions, except that we will not apply the natural logarithm to the dependent variable. All regressions are weighted OLS regressions, where the weights consist of the population size in each municipality. The regression findings for both income and life expectancy are reported in Table 4 . The findings at the bottom of the table show that just these four explanatory variables (temperature, precipitation, education, and urbanization rates) explain more than 82 percent of the variation in incomes between the municipalities in Chile. This is a very good fit, which suggests that we have included the most important explanatory variables, and that including addition variables would make little difference. The same four variables only explain about 36 percent of the variation in life expectancy, which is less impressive but still good for a cross-section model.
Education is by far the most important variable, explaining about 73 percent of the variation in incomes and about 26 percent of the variation in life expectancy. The remaining variables are also all statistically significant, but sometimes linearly and other times non-linearly. As it is difficult to judge the relationships directly by looking at the estimated coefficients, we have plotted the estimated relationships in Figure 1 . The axes are scaled to represent the actual range of temperatures, precipitation, incomes, and life expectancies experienced in different Chilean municipalities, so that the magnitude of climate impacts can be seen in the appropriate perspective.
Panel (a) shows a negative relationship between average annual temperature and per capita income, with inhabitants of the warmest regions earning less than half the income of inhabitants from the coolest regions.
Panel (b) shows that life expectancy in the short run (when holding other factors constant) is almost 5.1 years shorter in the warmest regions compared to the regions with the most optimal temperatures. However, the relationship between temperature and life expectancy is not very tight. Indeed, the wide confidence interval on the estimated relationship suggests that there is no statistically significant relationship between temperature and life expectancy. Source: Graphical representation of the estimation findings from Table 3 . Note: The thick red line represents the point estimate from Table 3 , whereas the thin black lines delimit the 95% confidence intervals as estimated using Stata's lincom command.
Panel (c) and (d) suggest that people in Chile do better with either very little rain or with a lot of rain. For intermediate amounts of rain, both incomes and life expectancy are lower. This is somewhat counter-intuitive, but the findings are robust.
Recent climate change in Chile
In this section we will analyze climate data for Chile from May 1948 to March 2008 to test whether there are any significant trends, and whether these trends differ between regions.
We will use the Monthly Climatic Data for the World database collected by the National Climatic Data Center (NCDC) in the US. This project started in May 1948 with 100 selected stations spread across the World, including five in Chile. Since then, many more stations have been included in the data base, but only seven stations in Chile have contributed systematically throughout the period, with only inconsequential gaps. These are listed in Table 5 , ordered from north to south. The original data was organized in 61 printed volumes with 12 issues in each (one for each month of the year), totaling 719 months. All data has been quality-checked and was published by the NCDC about three months after the raw data had been collected. From each of these monthly issues, we extracted average monthly temperature and total monthly precipitation for the seven Chilean stations listed above, in order to create time series for each station.
Once the temperature and precipitation series had been constructed and checked for unrealistic values (there was only one, which was eliminated), we proceeded to calculate "normal" temperatures and "normal" precipitation for each station-month for the reference period 1960-90. Table 6 shows the average "normal" values for temperature and precipitation for each month for each of these stations. It is seen that the climate differs dramatically from region to region, with Arica and Antofagasta being located in tropical desert climates with almost no rain, while Valdivia and Puerto Montt are located in temperate, wet climates. There is also a sub-tropical island, Isla Juan Fernandez, with mild temperatures and moderate amounts of rain, and Punta Arenas with very cold winters, due to the location far south. 
Temperature trends
Using the "normal" values for each station and each month, we calculate monthly anomalies for each station for the whole period (actual temperature minus normal temperature for that month). Anomalies are easier to analyze than the raw temperature and precipitation data, since the seasonal variation is eliminated through the subtraction of normal monthly temperatures. Figure 2 plots the temperature anomalies for each station. Once we have the series of temperature anomalies, it is straightforward to test whether there is a significant trend. This is done simply by regressing the anomaly on a trendvariable, which has been scaled so that the coefficient can be directly interpreted as temperature change per decade in degrees Celsius. We use a confidence level of 95 percent to decide whether the trend is statistically significant, which means that the P-value should be less than 0.05 for the trend to be significant. Table 7 shows the estimated trends for each of the seven stations in Chile. Of these, two stations show significant warming since the middle of the previous century; two show no significant change; and three show significant cooling. There seems to be a clear tendency for northern stations to be warming, southern stations to be cooling, and intermediate stations to experience no change (see Figure 3 ). This general pattern is confirmed by the latest IPCC report (see Trenberth et al. 2007 , Figure 3 .9 based on Smith and Reynolds, 2005) 3 . We will use this simple relationship to estimate the average temperature change experienced in each of the municipalities in Chile over the last 50 years. According to a simple regression, the trend is reduced by 0.067 ºC/decade for each 10 degrees we move south. This means that at the latitude of Antofagasta (23°26'S), there is no trend in temperatures, but for each 10 degrees further south, the 50-year change is reduced by 0.336ºC. Just south of Punta Arenas the change in temperatures over the last 50 years would be about -1ºC. At the most northern place in Chile, the temperature change over the last 50 years would be about +0.17ºC. A trend analysis, like the one performed on temperatures above, reveals two mid-latitude stations with a significant negative precipitation trend, while the remaining five stations show no significant trend (see Table 8 ). This is consistent with the findings in the latest IPCC report (see Magrin et al. 2007 , Figure 13 .1). The regions that have seen significant reductions in precipitation over the last 60 years, are the ones that initially (and still) received the largest amounts of precipitation, and the significant reductions are limited to the season with the heaviest rains (May to August). Valdivia, for example, used to receive about 280 mm of rain per month during the rainy season, but this amount has been going down by about 5 mm per decade over the last half century, or about 10 percent over 50 years.
Precipitation trends
For the purposes of the simulations in the following section, we will assume a 10 percent reduction in precipitation over the last 50 years for all municipalities located between 35ºS and 45ºS.
Simulating the impact of recent climate change
Since life expectancy was not found to depend significantly on temperature, and since precipitation changes are limited to a small region in the middle of the country with already abundant precipitation, we will limit the simulation analysis to the impact of climate change on average incomes.
To find the impacts of recent climate change we will compare the following two scenarios: 1) Climate Change, which is the factual scenario, and 2) No Climate Change, which is the counterfactual scenario. The Climate Change temperatures are the actual temperatures in each municipality, whereas the No Climate Change temperatures are the actual temperatures minus the temperature changes experienced over the last 50 years, according to the analysis in the previous section. Similarly, Climate Change precipitation are the actual precipitation levels, while No Climate change precipitation is 10% higher in all municipalities located between 35ºS and 45ºS, as indicated by the analysis in the previous section.
The ratio of Climate Change Income to No Climate Change Income can be written as:
After estimating this ratio for each municipality, it is easy to calculate the percentage change in income levels that can be attributed to climate change.
At the national level, the simulation indicates that incomes have increased by about 2 percent due to recent climate change. This is mostly due to the cooling of all but the most northern regions, since colder climates have been shown above to be more favorable for income generation in Chile. Figure 5 plots the estimated change in income at the municipal level against the income level each municipality would have had in the absence of recent climate change. There is a slight, statistically insignificant, negative relationship, indicating that recent climate change has not had any significant effect on the income distribution, but that it has contributed slightly towards poverty reduction in all but the most northern municipalities.
Expected future climate change in Chile
Having quantified the impacts of climate change during the last 50 years, we now turn to an assessment of the likely impacts of possible climate change during the next 50 years. For that purpose we will use the regional climate projections made by Working Group 1 for the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, which provides a comprehensive analysis based on a coordinated set of 21 Atmosphere-Ocean General Circulation Models (Christensen et al 2007) . The use of several different models allows an assessment of the level of confidence with which predictions can be made.
According to the model simulations reported in Christensen et al (2007) , temperatures are going to increase faster in the northern part of Chile than in the southern part (see Figure 6 ). This thus corresponds well to the pattern observed in the past. Since temperatures are projected to increase almost linearly over this century, it is reasonable to assume that temperature increases over the next 50 years will range from 1.5ºC in the northernmost part of Chile to 0.75ºC in the southernmost part, so we will gradually (linearly) increase the amount of warming from 0.75ºC at 54.95ºS to 1.5ºC at 17.65ºS.
Most of the models used for these projections suggest that there will be a reduction in precipitation in central Chile due to a pole ward shift of the South Pacific and South Atlantic subtropical anticyclones (Christensen et al (2007, p. 896) . The magnitude of reductions that can be expected in central Chile over the next 50 years appears to be around 10 percent, which is very similar to what has happened over the last 50 years, but now starting from a slightly lower base in the central region.
Simulating the impact of expected future change
The simulated effects of future climate change on incomes are presented in Table 10 . The overall reduction in incomes we might expect due to the climate change over the next 50 years is around 7 percent. The negative effects are stronger in the north, which is expected to experience more warming than the southern regions, but all regions are projected to experience a significant negative impact from climate change (holding all else constant). Figure 7 plots the estimated change in incomes for each municipality against the current level of incomes. There is a very weak, barely statistically significant, negative relationship (ρ = -0.12), which indicates that while future climate change is likely to have a negative effect on incomes, it is not going to contribute to increased inequality between municipalities. 
Conclusions
In this paper we first used a municipality level cross-section database to estimate the general relationship between climate and income in Chile. We found that incomes are negatively related to temperature, while life expectancy is not significantly related to average temperatures. Both income and life expectancy were higher for either very low levels of rain or high levels of rain, whereas intermediate levels of rain were less favorable.
These estimated relationships were then used to simulate the effects of both past and future (2008-58) climate change. Past changes in climates were analyzed using historical data from seven meteorological stations spread across the territory, and estimating average trends for each station. It was found that trends varied systematically across the country, with northern regions having warmed over the last half century, southern regions having cooled, and central regions having experienced little or no change in temperatures. The central region did experience significant reductions in precipitation (about 10%), whereas the regions to the north and to the south experienced no changes.
The consequences of these past climatic changes were then simulated using the estimated cross-section models. The findings indicate that past climate change (reductions in temperatures and reductions in precipitation) has been favorable for the central part of Chile, where the majority of the population is concentrated, whereas the sparsely populated northern regions have suffered from warming.
Whereas temperatures in the past have shown a downward trend for most of the Chilean population, most climate models suggest that they should increase in the future, and that they will increase faster in the northern part of Chile than in the South. The models also indicate that the reductions in precipitation observed in the central part of Chile over the last 50 years will continue during the next 50 years, amounting to a further 10 percent drop over the next 50 years.
The paper simulated the likely effects of these projected climate changes, and found that expected future climate change would reduce incomes across the whole country, with an average reduction of about 7 percent.
Some qualifications to these findings are in order. First, the simulations have been carried out by varying only temperature and precipitation, but holding all other factors constant.
Holding everything else constant is of course not realistic. Education levels are likely to increase and the structure of the economy is likely to keep changing towards activities that are less sensitive to the climate. If the high growth rates experienced over the last 25 years (5.2% per year) continue, incomes in 2058 would be 1,261 percent higher than now if there were no climate change, and 1,177 percent higher if climate changes as projected by the IPCC models. In either case, people will be considerably richer than they are now, and their ways of living may be so different, that the climate-income relationships of today are no longer relevant.
Another factor which is assumes to be constant, but which is almost certainly going to increase, is the atmospheric CO 2 concentration. It seems likely that atmospheric CO 2 concentration will increase from the current level of 387 ppm to somewhere between 500 and 600 ppm 50 years from now, depending on how effective Kyoto and Post-Kyoto policies are at reducing emissions. The resulting CO 2 fertilization effect may increase crop productivity significantly, as indicated by almost all studies of CO 2 -fertilization (e.g. Allen et al 1987; Baker et al 1989; Poorter 1993; Rozema et al 1993; Wittwer 1995; Torbert et al 2004) . Ignoring this beneficial effect may imply that the estimates presented in the present paper are too pessimistic.
Second, people do not necessarily have to stick around as temperatures increase, as the simulations in the present paper have assumed. Internal migration could potentially reduce the costs of climate change, if people can move towards regions with more suitable climates. Chile has climates for every taste, and the fact that the population currently is concentrated in the central region with moderate climates, whereas the extremes are sparsely populated, suggests that people have been taking advantage of this possibility in the past. Currently, however, adaptation through migration is somewhat hindered by the public housing policy. Soto and Torche (2004) show that the very effective public housing subsidies in Chile have the unfortunate side effect of tying people to their geographical location and inhibiting migration.
Third, this paper compares equilibrium situations before and after climate change, but ignores transition costs. Since climate changes in Chile are quite slow, especially compared to the natural variation from month to month and from place to place, such transition costs are likely small, but they may include additional investments in new reservoirs and irrigation systems, as hydroelectric facilities and water supplies are affected by changes in the water flow from melting glaciers.
Finally, it should be warned that the impacts found for Chile cannot be generalized to apply to other countries. The impacts of climate change differ from country to country depending on the spatial distribution of the population, the types of activities they are engaged in, and the particular patterns of climate change.
